Antiviral responses are regulated by conjugation of ubiquitin (Ub) and interferon-stimulated gene 15 (ISG15) to proteins. Certain classes of viruses encode Ub-or ISG15-specific proteases belonging to the ovarian tumor (OTU) superfamily. Their activity is thought to suppress cellular immune responses, but studies demonstrating the function of viral OTU proteases during infection are lacking. Crimean-Congo hemorrhagic fever virus (CCHFV, family Nairoviridae) is a highly pathogenic human virus that encodes an OTU with both deubiquitinase and deISGylase activity as part of the viral RNA polymerase. We investigated CCHFV OTU function by inactivating protease catalytic activity or by selectively disrupting its deubiquitinase and deISGylase activity using reverse genetics. CCHFV OTU inactivation blocked viral replication independently of its RNA polymerase activity, while deubiquitinase activity proved critical for suppressing the interferon responses. Our findings provide insights into viral OTU functions and supports the development of therapeutics and vaccines.
INTRODUCTION
The innate immune response is the first line of defense against viruses. They are sensed by pattern-recognition receptors (PRRs) such as Toll-like receptors and retinoic acid-inducible gene-I (RIG-I)-like receptors. PRR activation triggers the activation of intracellular signaling pathways that ultimately lead to the production of inflammatory cytokines and type I interferons (IFNs). Many cellular signaling pathways, including those involved in the innate immune response, are regulated by protein ubiquitination, a post-translational modification mechanism entailing the conjugation of a small 8 kDa ubiquitin protein (Ub). Ub is conjugated to either a lysine (K) side chain or the initiation methionine of the targeted protein, and can be conjugated as a single Ub moiety (mono-ubiquitin) or as elongated chains containing multiple Ub units (polyUb) (reviewed in (Heaton et al., 2015; Hu and Sun, 2016) . Conversely, cellular deubiquitinases (DUBs) reverse this process by removing Ub from proteins.
Ubiquitination is critical for the regulation of type I IFN expression: various key signaling proteins such as RIG-I, MAVS, TRAF3, TBK1, and IRF3 require K63-linked ubiquitination for their activation. Conversely, K48-linked poly-ubiquitination generally serves as a degradation signal. Binding of secreted type I IFN activates the interferon-α/β receptor, resulting in the transcription of interferon-stimulated genes (ISGs) and induction of an antiviral state in infected and neighboring cells. To suppress these antiviral responses, viruses have adopted strategies to interfere with ubiquitination. Similar to cellular DUBs capable of forming a negative feedback system for the IFN responses (Kayagaki et al., 2007) , virus-encoded DUBs of the ovarian tumor (OTU) superfamily are proposed to suppress the IFN responses. Viral OTU DUBs have been reported in both positive-strand (Tymoviridae and Arteriviridae) and negative-strand RNA viruses (Bunyaviridae and tenuiviruses) (Capodagli et al., 2013; Frias-Staheli et al., 2007; Honig et al., 2004; van Kasteren et al., 2012; Kinsella et al., 2004; Lombardi et al., 2013; Makarova, 2000; Zhang et al., 2007) . In addition to their deubiquitinase activity, certain viral DUBs can also remove interferon-stimulated gene 15 (ISG15) modifications, ubiquitin-like and interferon-inducible proteins that are conjugated to target proteins in a manner similar to Ub. Viral DUB and deISGylation activity may be linked to host specificity, pathogenicity and disease severity. Ubiquitin is a highly conserved protein, whereas ISG15 displays considerable sequence variation among mammals. The role of ISG15 and protein ISGylation is complex and the outcome on virus replication is very unpredictable and even varies between host species. For instance, human ubiquitin-specific peptidase 18 (USP18) negatively regulates type-I IFN signaling by binding to the IFN receptor. Human ISG15 stabilizes USP18 and thus is part of this negative feedback, while no equivalent feedback exists in mice (Speer et al., 2016) . ISG15 displays various antiviral functions, both as a secreted protein and upon conjugation. ISGylation can disrupt protein function, enhance activity or alter cellular localization. For example, ISGylation enhances antiviral responses by prolonging IRF3 activation (Shi et al., 2010) , and can activate PKR in the absence of dsRNA (Okumura et al., 2013) . In contrast, ISGylation can also negatively regulate RIG-I (Kim et al., 2008) . ISGylation of viral proteins can interfere with their function; for example, ISGylation of human papillomavirus capsid interferes with particle assembly (Durfee et al., 2010) . Furthermore, ISGylation of cellular factors blocks assembly and budding of several viruses, including Ebola virus, HIV and influenza (Okumura et al., 2006 (Okumura et al., , 2008 Tang et al., 2010; Woods et al., 2011) . ISG15 is not only important for intracellular signaling, as secreted ISG15 induces IFN-γ a cytokine critical for both innate and adaptive immunity (Recht et al., 1991) . Viral DUB immunosuppressive activity has almost exclusively been demonstrated using overexpression systems; few studies have assessed viral DUB activities in the course of a viral infection. In addition, data on viral DUB function during negative-strand RNA virus replication is completely lacking. Crimean-Congo hemorrhagic fever virus (CCHFV; order Bunyavirales, family Nairoviridae) possesses a negative-strand, tri-segmented genome, with the large (L) segment encoding an unusually large multifunctional protein (L). This protein contains the RNA-dependent RNA polymerase (RdRp) and an N-terminal OTU-like cysteine protease (OTU) domain, which is a distinctive feature of the genus Nairovirus. Other nairovirus OTUs appear to preferentially cleave either Ub or ISG15 moieties. For example, Dugbe virus displays a strong preference for Ub, whereas Erve virus displays a much higher activity towards ISG15 substrates (Capodagli et al., 2013) . In contrast, the CCHFV OTU is capable of cleaving both Ub and ISG15 efficiently, and overexpression of the CCHFV OTU domain results in a general reduction of ubiquitinated and ISGylated protein levels. Furthermore, CCHFV OTU activity reduced the RIG-I/MAVS-mediated IFN response, as well as TNFα-mediated NF-κB (Frias-Staheli et al., 2007; van Kasteren et al., 2012) . While current data support OTU activity as an immune evasion mechanism for CCHFV, these functions have yet to be investigated in the context of viral infection, where the complete L protein likely has a different spatiotemporal distribution than the overexpressed OTU domain. Here we investigate the deubiquitinase and deISGylase functions of the CCHFV OTU during viral infection using a reverse genetics approach. We found that simply inactivating the OTU by mutating the catalytic cysteine residue prohibits rescue of infectious CCHFV. Thus, to investigate the function of the OTU domain in the context of CCHFV infection, we generated recombinant CCHFV variants with altered OTU activities by disrupting its binding to Ub and ISG15. Using these CCHFV mutants, we confirmed that the OTU domain suppresses the cellular immune responses. Furthermore, we demonstrated that OTU DUB activity, rather than its deISGylase activity, is critical for suppressing the IFN responses. This study reveals critical functions of viral OTUs during infection.
RESULTS

OTU catalytic activity is required for recovery of infectious CCHFV and for efficient formation of virus-like particles
Many positive-strand RNA viruses that encode a DUB utilize the same protease to autoproteolytically process their viral polyproteins, a process required for replicase maturation. Therefore, inactivating the catalytic site of the viral protease prevents viral replication. Recently, viral DUB activity was separated from viral protein processing by reducing Ub binding affinities (van Kasteren et al., 2013) . Although they are part of the viral polymerase, DUBs encoded by negative-strand RNA viruses (such as CCHFV) do not appear to utilize their protease to process viral proteins, and their activity is dispensable for RdRp function (Bergeron et al., 2010) . Therefore, we expected to generate viable recombinant virus devoid of OTU proteolytic activity by mutating the OTU catalytic cysteine to alanine (C40A). Unexpectedly, multiple attempts to recover CCHFV with an inactive OTU failed. To explain this observation, we sought to identify if the formation of CCHF virus-like particles (VLPs) would be affected by the C40A mutation. Unlike what we previously observed with the minigenome system (Bergeron et al., 2010) , an intact OTU domain was important for efficient formation of VLPs ( Figure 1A ), providing evidence that inactivating the OTU domain impairs CCHFV virion production and/or infectivity.
Mutating key residues in the OTU domain generates mutants with altered DUB and deISGylase activity
To study OTU function during replication, we mutated key residues within the domain to disrupt either Ub or ISG15 binding. The structure of the complete CCHFV L protein has not been elucidated, but that of the OTU domain was recently solved, providing insight into Ub and ISG15 binding specificity and allowing the design of OTU mutants unable to bind Ub and/or ISG15 (Akutsu et al., 2011; Capodagli et al., 2011; James et al., 2011) (Figure 1B ). Mutations disrupting activity on ISG15 (P77D) or Ub (Q16R) were previously described (Akutsu et al., 2011) , and we generated an additional OTU mutant predicted not to cleave Ub or ISG15 (A129R, Figure 1D ).
To determine the functional activity of the OTU mutants, their capacity to cleave fluorogenic (AMC) substrates of Ub and ISG15 in vitro was analyzed ( Figure 1C ). The wild-type OTU efficiently cleaved Ub-AMC and ISG15-AMC. The Q16R mutation was designed to disrupt Ub binding and thus DUB activity, while retaining deISGylation activity. In contrast, the A129R mutant was designed to abrogate activity on both Ub and ISG15. The in vitro data confirmed that these OTU mutants indeed exhibited the predicted activities. An exception was the OTU-P77D mutant that was designed to exclusively disrupt deISGylase activity; the P77D mutation strongly affected DUB activity as well as deISGylase activity ( Figure 1C ). As further attempts to generate an Ub-specific OTU mutant remained unsuccessful, we employed the Q16R mutation, which retains deISGylase activity, and the A129R mutation, which displays minimal DUB and deISGylase activity, to study the OTU DUB function.
To further characterize the activity of the CCHFV OTU mutants, we assessed the OTU DUB and deISGylase activities in transfected cells. Plasmids encoding the OTU domain or complete CCHFV L protein were transfected with HA-Ub or V5-ISG15 in combination with plasmids expressing the enzymes required for ISG15 conjugation: Ube1L UbcH8, and HERC5. Co-transfection of the ISGylation enzymes is necessary as cellular levels of these ISGs are low in the absence of IFN stimulation. As expected, the wild-type L protein (L-wt) and OTU domain efficiently removed Ub and ISG15 conjugates upon overexpression, whereas the protease-inactive mutant C40A did not reduce levels of ubiquitinated or ISGylated proteins (Figure 2A, B) . The Q16R mutants reduced levels of ISG15 conjugates, but did not affect HA-Ub conjugation. CCHFV L-A129R did not display detectable DUB activity, but deISGylase activity could be detected. In addition, overexpressed OTU-A129R showed deISGylase activity resembling that of the wild-type OTU. This is likely due to more efficient expression of the small OTU domain compared to the full-length L, and an apparently stronger affinity for ISG15 compared to Ub. Strikingly, L-C40A and L-A129R protein levels were reduced by ISGylation, while it had no effect on L-wt or L-Q16R ( Figure 2C and S1). As a result, L protein levels appear to correlate with the virus's ability to remove ISG15 conjugates via their respective OTUs: Lwt and L-Q16R are able to remove ISG15 conjugates, whereas L-C40A and L-A129R cannot. This suggests that ISGylation destabilizes L or targets it for degradation, which under normal conditions would be countered by the OTU domain. Overall, we showed that the CCHFV OTU mutants generally displayed their expected activities both in vitro ( Figure   1 ) and in transfected cells (Figure 2) , and the inability of the OTU to counter ISGylation resulted in reduced L protein levels.
CCHFV OTU overexpression impacts the RIG-I mediated IFN-βresponse
The RIG-I mediated IFN-β response is an important antiviral pathway activated by CCHFV. Overexpression of the OTU domain can block this response, presumably by removing Ub and/or ISG15 conjugates from RIG-I (van Kasteren et al., 2012; Spengler et al., 2015) . To investigate directly if altering the OTU activity affects its ability to block the RIG-I mediated IFN-β response, we utilized a reporter assay in which IFN-β expression is induced by a plasmid expressing RIG-I CARDs. IFN-β expression was measured by co-transfecting a plasmid encoding firefly luciferase under control of the IFN-β promoter. As expected, expression of the wild-type OTU significantly decreased reporter activation ( Figure 3A ). The inactive OTU (C40A) was unable to block the RIG-I mediated reporter gene activation, indicating that CCHFV OTU catalytic activity is necessary for blocking RIG-I-induced IFN-β transcription. In addition, both the OTU-Q16R and OTU-A129R mutants were unable to block reporter gene activation, suggesting that OTU DUB activity is required and sufficient to block the RIG-I-mediated IFN-β response. This is in line with earlier observations that K63-linked poly-ubiquitination of RIG-I CARDs is required for RIG-I activation (Gack et al., 2007; Jiang et al., 2012) , that overexpressed wild-type CCHFV OTU can remove Ub moieties from RIG-I CARDs (van Kasteren et al., 2012) , and that CCHFV OTU has robust K63-linked polyUb activity (Capodagli et al., 2011) . RIG-I activation results in a signaling cascade leading to phosphorylation of IRF3 and NF-κB, which are critical transcription factors activating the IFN-β promoter. To determine whether the CCHFV OTU blocks the activation of both IRF3 and NF-κB, we repeated this assay with the reporter plasmid containing repeats of DNA elements specifically recognized by IRF3 or NF-κB ( Figure 3B , C). This resulted in similar outcomes, indicating that the wild-type OTU DUB activity likely blocks IFN-β activation by (directly or indirectly) suppressing both IRF3 and NF-κB activation. To investigate whether CCHFV OTU targets signaling proteins downstream of RIG-I, we overexpressed MAVS or TBK1 to activate the IFN-β signaling pathway; and these experiments produced similar results ( Figure S2 ). This demonstrates that CCHFV OTU prevents activation of IRF3 and NF-κB signaling, either by directly interfering with IRF3 and NF-kB, or by interfering with activation of RIG-I, MAVS and/or TBK1, all of which are ubiquitinated and thus represent potential targets.
We confirmed OTU expression and CARD-mediated activation of the IFN-β response by visualizing endogenous ISG15 induction and conjugation ( Figure 3D ). The western blot data illustrate that wild-type OTU overexpression completely blocks the induction of ISG15 whereas ISGylation was not affected by the OTU mutants.
An active CCHFV OTU is important for efficient viral replication in IFN-competent cells
To further evaluate the function of the OTU mutants in viral infection, we generated the corresponding recombinant viruses and analyzed their growth kinetics (Figure 4 ). Unlike the catalytic cysteine mutant (C40A), CCHFV-Q16R and -A129R were easily rescued, enabling us to study OTU DUB and deISGylase function in the context of a CCHFV infection. The CCHFV-Q16R and -A129R mutants grew with similar kinetics compared to wild-type recombinant CCHFV (CCHFV-wt) in cells that produce no or little IFN in response to CCHFV infection (BSR-T7/5, SW13, and HAP1). In contrast, the CCHFV-Q16R and -A129R mutants were clearly attenuated in IFN-competent A549 cells, resulting in 2.5-log lower titers at 3 days post infection. The lower viral titers of the Q16R and A129R mutants were associated with more robust protein ISGylation and reduced levels of NP and viral RNA preceding the wild-type virus titer peak, suggestive of enhanced innate immune responses ( Fig S3) . Next, we assessed the effects of a mutated OTU domain on CCHFV growth kinetics in primary cells (monocyte-derived macrophages, human umbilical vein cells (HUVEC) and skin fibroblasts). CCHFV IbAr10200 does not efficiently infect macrophages (Peyrefitte et al., 2010) or fibroblasts, resulting in low titers. In monocytederived macrophages, we found that CCHFV-Q16R displayed similar growth kinetics to CCHFV-wt, whereas CCHFV-A129R was further attenuated. Both CCHFV-Q16R and -A129R replicated less efficiently than CCHFV-wt in primary fibroblasts, although none of these observations reached statistical significance. Although CCHFV infected HUVECs more efficiently, infection still resulted in low titers, and no differences in growth kinetics were observed (Figure 4) . Therefore, significant differences in CCHFV OTU mutant growth kinetics are only observed in A549 IFN-competent cells, in which CCHFV-wt reached infectious titers of >10 8 TCID 50 /ml.
CCHFV OTU displays broad deISGylase activity and restricted DUB activity
As previously reported (Frias-Staheli et al., 2007; van Kasteren et al., 2012) , we have shown that overexpression of the CCHFV OTU or complete L protein reduces the total levels of ubiquitinated and ISGylated proteins in cells co-transfected with tagged ISG15 and/or Ub. To investigate the function of the OTU on the level of ubiquitinated and ISGylated proteins in the context of infection, we infected cells with CCHFV-wt or CCHFV OTU mutants. We found that infected cells all displayed similar levels of ubiquitinated proteins to mockinfected cells, suggesting that CCHFV does not deconjugate Ub on a large scale during infection. Different ubiquitin linkages have variable and even opposite effects on proteins. Therefore, we addressed the levels of K48-and K63-linked polyubiquitin chains; the former promotes proteasomal degradation, while the latter is critical for IFN induction. Similar to total Ub, K48-or K63-linked Ub levels showed no apparent differences between CCHFV mutants ( Figure 5A ). Endogenous ISG15 was not detected under these experimental conditions. Therefore, to investigate the function of the OTU in inhibiting ISG15 induction and ISGylation, we treated CCHFV-infected cells with IFN to induce these responses. Infection with wild-type or mutant CCHFVs did not block IFN-induced ISG15, but both CCHFV-wt and CCHFV-Q16R reversed subsequent ISGylation ( Figure 5B ). In comparison, IFN-treated cells infected with CCHFV-A129R displayed robust protein ISGylation. While the OTU, when expressed both alone and within the full L protein, removes Ub conjugates in transfection experiments, it does not appear to extensively deconjugate Ub during viral infection ( Figure 5B and S4A) . Furthermore, CCHFV infection did not prevent the induction of IFN-stimulated genes such as ISG15, although strongly reduced levels of ISG15 conjugates were observed in cells infected with CCHFV possessing intact deISGylase activity (CCHFV-wt and -Q16R).
Blocking DUB activity enhances the cellular response to CCHFV infection
In transfected cells the wild-type OTU efficiently blocked induction of the innate immune responses, while the mutants could not. To investigate the function of the OTU on immune responses in cells infected with the CCHFV OTU mutants, IFN-competent A549 cells were infected with CCHFV, and RNA transcripts were analyzed. A Rift Valley fever virus (RVFV) vaccine strain expressing GFP instead of its IFN antagonist NSs served as a positive control for immune activation. Wild-type CCHFV induced various immune components, including IFN-β, IFN-λ1, ISG56, IL-6, and RIG-I, although not as efficiently as did the RVFV vaccine strain (Figure 6 ). Strikingly, infection with CCHFV-Q16R, in which Ub binding is disrupted, resulted in a strong increase in immune activation. In contrast, blocking OTU DUB/deISGylase activity (A129R) resulted in a similar immune response as observed with wild-type CCHFV. However, cells infected with CCHFV-A129R contained less viral RNA than cells infected with CCHFV-wt or -Q16R. These lower viral RNA levels may have contributed to the lower immune activation, despite the reduced DUB and deISGylase OTU activity of this mutant.
To verify that the relatively muted immune activation in response to CCHFV-A129R infection was not due to a negative effect of the OTU mutation on RdRp activity, we analyzed the mutants in a minigenome assay (Figure 7) . Previously, we reported that an intact OTU cysteine protease was not required for minigenome activity (Bergeron et al., 2010) . Importantly, the OTU mutants with impaired Ub (Q16R) or Ub/ISG15 (A129R) activity performed like wild-type or better in the minigenome assay. This indicates that the RdRp function of the L-Q16R and L-A129R mutants is not negatively affected, despite their low DUB activity (Figure 7 ).
An alternative explanation for the lower immune activation observed in cells infected with CCHFV-A129R may be found in OTU specificity. It is possible that CCHFV-A129R is more active at cleaving K63-linked polyubiquitin chains than CCHFV-Q16R. In this case, RIG-I activation and downstream immune signaling might be dampened, as K63-linked polyubiquitin chains are primarily required for immune activation (Gack et al., 2007) . Therefore, we analyzed the relative efficiency with which the OTU mutants cleave K48-and K63-linked di-Ub in vitro ( Figure S4B ). These experiments showed that wild-type OTU efficiently cleaves both K48-and K63-linked di-Ub, whereas both Q16R and A129R display impaired activity on both types of linkage, demonstrating no preference for either Ub linkage. In contrast to the selective disruption of the DUB activity, disrupting both DUB and deISGylase activity did not result in enhanced immune responses.
To verify that the type I IFN response induced by the OTU mutants was also dependent on RIG-I as previously reported for wild-type CCHFV (Spengler et al., 2015) , we knocked down RIG-I expression with siRNA ( Figure S6 ). Similar to wild-type CCHFV, induction of IFN-β expression by the CCHFV OTU mutants was undetectable in RIG-I depleted cells. To verify if type I IFN contributes to the enhanced innate immune responses observed with CCHFV-Q16R, we blocked type I IFN signaling using a monoclonal antibody neutralizing IFNαβ receptor (IFNR) signaling in HUVECs ( Figure S7 ). In CCHFV-wt and CCHFV-A129R infected cells, blocking IFN signaling resulted in decreased innate immune responses (IFN-β and ISG56 expression). In contrast, blocking IFNR signaling did not affect IFN-β expression in CCHFV-Q16R infected cells, and modestly reduced ISG56 expression. In agreement with the increase in IFN-β expression observed with CCHFV-Q16R, blocking IFNR signaling resulted in more viral RNA, but no increase in viral titers was observed. These results demonstrate that type I IFN signaling is important for IFN-β and ISG56 expression in CCHFV-wt and CCHFV-A129R infected cells, but not in CCHFV-Q16R infected cells. This suggests that the cellular immune response activated by CCHFV-Q16R is, in part, independent of IFN-β signaling.
DISCUSSION
IFN-induced innate immune responses are critical in controlling viral replication and disease outcomes. Using a set of recombinant CCHFVs with altered DUB/deISGylase activities, we demonstrated the IFN antagonist activity of CCHFV OTU and determined the relative contribution of OTU DUB and deISGylase activities on the suppression of IFN responses. Our study provides evidence that OTU activity of a negative-strand RNA virus suppresses IFN responses during viral infection and reverses protein ISGylation. Viral DUBs are immune antagonists that are presumed to subvert the immune response by removing Ub and/or ISG15 moieties. To date, there are limited studies on viral deubiquitinase activity in the context of infection, and to our knowledge, no other report unequivocally demonstrates that virus-encoded deISGylases counter protein ISGylation in the context of a natural infection, such as CCHFV. Here we demonstrate that CCHFV OTU DUB activity is not as broad as previously anticipated. Studies on CCHFV OTU function using tagged Ub/ISG15 and a plasmid encoding the OTU domain reported dramatic reduction of tagged Ub-and ISG15-conjugated proteins ((Frias-Staheli et al., 2007; van Kasteren et al., 2012) , Figure 2 ), suggesting a highly active and promiscuous protease. In contrast, CCHFV infection does not affect endogenous protein ubiquitination or levels of HA-Ub conjugates enough to demonstrate general reduction ( Figure 3D, 5A, S4A ), corroborating our observation that CCHFV OTU DUB activity is more selective than previously suggested by studies relying on overexpression systems (Holzer et al., 2011; van Kasteren et al., 2013) . In contrast, infection with CCHFV-related Nairobi sheep disease virus (NSDV), resulted in reduced levels of HA-tagged ubiquitinated proteins (Holzer et al., 2011) . However, it remains unclear whether this observation is attributable to NSDV OTU activity. If reverse genetics for NSDV become available, equivalent mutations to CCHFV OTU mutations would clarify whether NSDV DUB activity is responsible for the apparent general reduction in tagged-ubiquitinated proteins. Infection with equine arteritis virus (EAV) resulted in reduced levels of cellular ubiquitinated proteins, which could be reverted by disrupting the EAV-encoded DUB activity, suggesting that EAV DUB broadly targets ubiquitinated proteins (van Kasteren et al., 2013) . This apparent difference between EAV and CCHFV might reflect the experimental set-up or fundamental differences between these unrelated viruses. Turnip yellow mosaic tymovirus displays a remarkably low activity towards Ub-AMC in vitro, despite cleaving the minimal recognition sequence (ZRLRGG-AMC) highly efficiently, suggesting that this tymovirus may target a select range of ubiquitinated proteins (Capodagli et al., 2013) . Similarly, CCHFV DUB activity appears restricted to specific targets that have not yet been identified. Likely candidates include components of various antiviral-signaling pathways that require ubiquitination for their activation and regulation. IFN responses to CCHFV infection require the RIG-I-MAVS antiviral signaling axis, which included many signaling molecules regulated by ubiquitination. For example, RIG-I requires ubiquitination to activate MAVS, and activated MAVS in turn requires ubiquitination to initiate downstream signaling resulting in the activation of transcription factors IRF3 and NF-κB, and ultimately the production of type I IFNs and inflammatory cytokines. MAVS localizes both to the mitochondria and peroxisomes, and these pools of MAVS are respectively associated with production of IFN-β and IFN-λ (Dixit et al., 2010; Odendall et al., 2014) . OTU DUB suppresses both IFN-β and IFN-λ1 suggesting that suppression occurs independently of MAVS localization. CCHFV OTU likely targets several ubiquitinated proteins in the RIG-I-MAVS antiviral signaling axis, and indeed, overexpression experiments demonstrated that the OTU could suppress pathway activation at multiple levels (RIG-I, MAVS, and TBK1). Future studies should be aimed at confirming bona fide substrates of CCHFV DUB. In contrast to ubiquitination, IFN-induced protein ISGylation was readily reversed in cells infected with wild-type CCHFV or a CCHFV mutant possessing intact deISGylase activity (Q16R, Fig 5B) . Unlike CCHFV OTU DUB activity, its deISGylase broadly removes ISG15 moieties. Since ISGylation is induced by type I IFN, the effects of ISGylation on viral replication are expected to be most prominent at later stages of viral infection; indeed, disrupting OTU deISGylase activity can negatively affect CCHFV replication in macrophages (Figure 4) , which constitutively express ISG15 and subsequent protein ISGylation (Kim et al., 2005) . Also, A549 cells display a robust immune response upon CCHFV infection, including clear ISGylation, which results in growth attenuation of CCHFV-Q16R and -A129R ( Figure S3,  4) Co-expressing the ISGylation machinery with CCHFV L resulted in reduced levels of L proteins lacking deISGylase activity (L-C40A and L-A129R, Figure 2C ), suggesting that ISGylation of the L protein leads to its degradation, unless ISGylation is countered by L protein's OTU activity. Unfortunately, the lack of sensitivity of our L protein antibody prevented us from assessing L protein levels in infected cells. We expected the CCHFV mutant lacking deISGylase activity (A129R) to be most sensitive to IFN responses, including ISG15 conjugation. Consistent with this, we observed lower levels of viral RNA and nucleoprotein in IFN-producing cells infected with CCHFV-A129R, suggesting that deISGylase activity is required for optimal viral RNA synthesis in the presence of type I IFN. In contrast, CCHFV-A129R infection displays normal viral RNA and NP levels in cells that do not produce detectable levels of IFN-β upon CCHFV infection (Huh7, Figure S5A ). Despite the lower CCHFV-A129R RNA levels observed in infected A549 cells compared to CCHFV-Q16R, both mutants have similarly attenuated growth kinetics compared to wildtype virus. This suggests that cellular viral RNA levels are not the limiting factor for the production of nascent virions.
Interpreting the effect of ISGylation on CCHFV infection and the effect of CCHFV-A129R on cellular immune responses is currently hindered by the unavailability of a CCHFV L protein mutant that selectively removes Ub, but not ISG15 conjugates. Previous studies performed in mice demonstrated a strong antiviral activity of ISG15 against a wide range of viruses. Recent studies have demonstrated that the immunological role of ISG15 in humans appears to be more complex. Free human ISG15 stabilizes USP18, a cellular deISGylase (Speer et al., 2016) . Besides reversing ISGylation, USP18 also serves as a negative regulator of type I IFN signaling by binding to the IFN receptor and blocking downstream signaling (Malakhova et al., 2006) . Thus, depletion of ISG15 would result in a reduction of USP18 and a loss of a negative regulator of IFN signaling. Later studies indicated that not only depletion of ISG15, but also of ISG15-conjugating enzyme Ube1L resulted in higher basal levels of various ISGs (Kim et al., 2008; Now and Yoo, 2016) . Thus, studying ISGylation in human cell lines is hampered by the observation that depletion of ISG15 or Ube1L places the cells in an antiviral state. Conversely, studying the role of ISGylation on CCHFV replication in mice is hampered by the lack of an immunocompetent animal model for CCHFV. Currently, the only animal model for CCHF are mice lacking an intact type I IFN response (IFNAR, STAT-1 KO); consequently, induction of ISG15 by type I IFN is compromised in these animals.
Ubiquitination and ISGylation are intimately interconnected post-translational modification mechanisms that compete for the same lysine residues, and their conjugation can result in opposite effects. Cellular signaling is regulated by an intricate Ub/ISG15 balance, and the question remains to what extent CCHFV affects this balance. Deubiquitinase-deficient CCHFV-Q16R can only remove ISG15 moieties from their targets, which may effectively skew the balance towards the ubiquitinated state of these proteins. In contrast, CCHFV-A129R may induce CCHFV wild type-like immune responses because, like wild-type, the balance between ubiquitination and ISGylation states is not necessarily disrupted.
In conclusion, this study demonstrates that CCHFV suppresses the innate immune responses during infection and provides important insights into the mechanisms of this suppression by the CCHFV OTU. Structure-guided inactivation of the CCHFV OTU domain should be considered to boost immunogenicity of candidate CCHFV vaccines, and compounds targeting the OTU active site may form an attractive therapeutic strategy as they will likely block CCHFV replication and enhance innate immune responses.
EXPERIMENTAL PROCEDURES VLP assay
The generation of CCHFV VLPs was described previously . Briefly, Huh7 cells were transfected with plasmids encoding the CCHFV strain IbAr10200 nucleoprotein (NP), codon-optimized glycoprotein precursor (GPC), codon-optimized L protein, T7 polymerase, and a CCHFV minigenome. Supernatants containing CCHFV VLPs were harvested 3 days post transfection and transferred to fresh Huh7 cells. VLP NanoLuc reporter activity was assessed the next day.
Cells
Huh7, HEK293T, A549, BSR-T7/5, SW13, and primary skin fibroblast cells were maintained in Dulbecco's modified eagle media (DMEM) supplemented with 5-10% fetal calf serum, 1 mM sodium pyruvate, 1% non-essential amino acids and 100 U/ml of penicillin/streptomycin. BSR-T7/5 cells were a gift from K.K. Conzelmann (LudwigMaximilians-Universität, Munich, Germany), SW13 cells from P. Leyssen (Rega Instituut KU Leuven, Belgium). Primary skin fibroblasts were obtained from Coriell, HAP1 cells (Horizon Discovery) were maintained in Iscove's modified Dulbecco's medium supplemented with 10% fetal calf serum and antibiotics. Monocyte-derived macrophages were obtained by isolating monocytes from whole blood pheresis products derived from a single healthy donor (Emory University hospital, Atlanta, GA, USA) as described previously . Human umbilical vein endothelial cells (HUVEC) were obtained from Lonza and maintained in EGM-plus media supplemented with the EGM BulletKit (Lonza).
Ethics statement monocyte-derived macrophages
The use of human blood products was approved by Emory University Institutional Review Board (IRB00045947). Under this protocol, no donor personal information was provided, and informed consent was given. All adult blood donors provided informed consent, and a parent or guardian of any child participant provided informed consent on the child's behalf.
In vitro OTU activity
An OTU expression construct was created by synthesizing the first 169 amino acids from the CCHFV L protein (GenBank AAQ98866.2), codon-optimized for E. coli BL21 (Biobasic).
OTU mutants C40A, Q16R, P77D and A129R were generated using QuikChange sitedirected mutagenesis (Agilent Technologies). E. coli BL21 (DE3) cells were used for protein expression as previously published (Capodagli et al., 2013) . Protein purification was conducted as previously described (Capodagli et al., 2011) . In vitro OTU activity was analyzed as described previously (Capodagli et al., 2013) . Each OTU mutant was assessed for activity against Ub-and ISG15-7-amido-4-methylcoumarin (AMC) substrates. Assays were conducted with 4 nM OTU and 1 μM substrate. All reactions were performed at 25°C in 100 mM NaCl, 50 mM HEPES [pH 7.5], 0.01 mg/mL bovine serum albumin, and 5 mM DTT in a 50 μL reaction volume. Turnover rates of AMC substrates were calculated based on the slope of fluorescence emitted by liberation of AMC from the substrate. Values were compared with the previously published turnover rate of wild-type CCHFV OTU (Capodagli et al., 2013) .
OTU activity in transfected cells
Plasmids expressing the OTU domain (aa. 1-168) and various mutants were synthesized (Genscript) and cloned into pcDNA3.1 containing a C-terminal HA-tag. The OTU domain of full length L protein, was mutated using In Fusion cloning (Clontech). Huh7 cells were transfected with plasmids expressing the CCHFV L and pcDNA-HA-Ub (DUB assay) or plasmids required for IGSylation: pcDNA-Ube1L (E1), pcDNA-UbcH8 (E2), pcDNA-NTAP-HERC5 (E3) (J. Huibregtse, University of Texas at Austin), and pcDNA3.1-V5-hISG15 (Genscript). All plasmid transfections were performed with TransIT-LT1 (Mirus Bio) transfection reagent. Ubiquitin and ISG15 conjugation levels were assessed 48h post transfection using western blot analysis.
Western blot analysis and antibodies
Cell lysates were harvested in 2x Laemmli sample buffer, heated for 10 min at 95°C, and separated on 4-12% bis-tris SDS-PAGE gels. Proteins were transferred to nitrocellulose membranes using a semi-dry blotting system (Bio-Rad). Full-length CCHFV L protein was detected after separation on 4-8% tris-acetate gels with a rabbit antibody raised against a peptide corresponding to amino acids 1160-1174 (Genscript). HA-OTU and HA-Ub were visualized with rabbit-anti-HA (Life Technologies). CCHFV N was detected with hyperimmune mouse ascetic fluid (in house) or CCHFV anti-N antibody (IBT Bioservices). V5-hISG15 was detected with anti-V5 (Invitrogen) and endogenous ISG15 with anti-ISG15 (Santa Cruz). Endogenous Ub was detected with anti-Ub (Santa Cruz), FK2 (Enzo) or Cell Signaling antibodies (for K48 and K63 polyUb). B-actin or tubulin (Sigma) were used as loading control markers. SuperSignal West Dura Fast Western blotting kits (ThermoFisher Scientific) and a Bio-Rad ChemiDoc MP imaging system were used to reveal protein bands.
Minigenome assay (RdRp activity)
The CCHFV minigenome assay was performed as described previously , with the exception that Huh7 cells were used and minigenome reporter activity normalized to firefly transfection control (pGL3, Promega)
Luciferase reporter assay
The RIG-I-mediated IFN-β response was assessed by transfecting Huh7 or HEK293 cells with a plasmid encoding RIG-I CARD (S. Best, Rocky Mountain Laboratories, USA) and a reporter plasmid encoding firefly luciferase under control of the promoter of IFN-β (P125-luc), IRF3 (P55c1b-luc), or NF-κB (P55A2-luc), kindly provided by T. Fujita (Kyoto University, Japan). A plasmid constitutively expressing Renilla luciferase was used as a transfection control (pRL, Promega). Alternatively, plasmids encoding MAVS (pUNO-MAVS) or TBK1 (pUNO-TBK1, both from Invivogen) were used to activate the P125-luc reporter. Plasmids expressing the CCHFV OTU domain were co-transfected to assess the activity of OTU mutants. Cell lysates were harvested 16-24 h post transfection, and luciferase activities were determined using the Dual-Glo assay system (Promega). Renilla luciferase expression was used to normalize the firefly signal.
Di-ubiquitin cleavage assay
Activity of CCHFV OTU mutants were assessed for cleavage of K48-and K63-linked diubiquitin (di-Ub). The di-Ub substrates (10 μM) were incubated with each OTU (20 nM) at 37°C for 1 h in 100 mM NaCl, 5 mM HEPES [pH 7.5], and 2 mM DTT. Samples were taken at various time points and the reaction was terminated by mixing 9 μl of each reaction with 2x sodium dodecyl sulfate-tricine sample buffer and boiling for 5 min at 98°C. Samples were visualized on 10-20% tris-tricine gels by Coomassie staining.
Viruses
All CCHFV infections and rescue attempts were performed in BSL-4 facilities at the Centers for Disease Control and Prevention (Atlanta, GA, USA). Experiments involving cDNA encoding viral sequences were performed in accordance with approved Institutional Biosafety Committee (IBC) protocols. Recombinant CCHFV Ibar10200 was generated as described previously . Briefly, Huh7 cells were transfected with plasmids encoding the genomic segments L, M and S (T7-L, T7-M, and T7-S), helper plasmids expressing CCHFV NP and codon-optimized L, and the T7 polymerase. Viruses with mutated OTU were created by adding point mutations to the pT7-L plasmids using sitedirected mutagenesis before virus rescue. After 3-5 days, supernatants were harvested for titration or passage on BSR-T7/5 cells. All recombinant viruses were sequence verified with deep sequencing technology using a MiniSeq System (Illumina).. Virus infectivity was measured by titration on BSR-T7/5 cells and calculated as the median tissue culture infective dose (TCID 50 ). Infected cells were detected by immunofluorescence using a-CCHFV polyclonal mouse antiserum (HMAF) followed by an Alexa488-conjugated antimouse antibody (Invitrogen). The recombinant Rift Valley fever virus (RVFV) rZH501-deltaNSs:GFP-deltaNSm was described previously (Bird et al., 2008) .
Quantitative RT-PCR
RNA was isolated using Magmax technology (Life Technologies) or trizol in combination with the direct-zol RNA miniprep kit (Zymo Research) and subjected to one-step qRT-PCR using the SuperScript III Platinum One-Step qRT-PCR Kit (Life Technologies). Cellular transcripts were amplified using various Taqman primer/probe sets (ThermoFisher). CCHFV S segment amplification was described previously . IPO8 was used for normalization purposes, and all reactions were performed on a Bio-Rad Thermal cycler Real-Time System.
RIG-I siRNA and antibody treatment
A549 cells were reverse-transfected with 10 nM siRNA targeting RIG-I (Santa Cruz) or control siRNA (Dharmacon) using Lipofectamine RNAiMAX (ThermoFisher Scientific). The siRNA-transfected cells were infected 2 days post transfection. Alternatively, cells were treated with 10 mg/ml Anti-Human IFNAR2 Antibody (PBL assay science) 1 h post infection.
Statistical analysis
Data were analyzed using GraphPad Prism version 7. The unpaired parametric two-sided Student's t test was used to derive P values from all data presented and p < 0.05 defined as statically significant.
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